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SUMMARY 

The mechanical behavior of continuous fiber reinforced SiC/RBSN composites with 
various fiber contents is evaluated. Both catastrophic and noncatastrophic failures 
are observed in tensile specimens. Damage and failure mechanisms are identified via 
in-situ monitoring using NDE techniques throughout the loading history. Effects of 
fiber/matrix interface debonding (splitting) parallel to the fibers are discussed. 
Statistical failure behavior of fibers is also observed, especially when the inter- 
face is weak. Micromechanical models incorporating residual stresses to calculate 
the critical matrix cracking strength, ultimate strength and work of pull-out are 
reviewed and used to predict composite response. For selected test problems, experi- 
mental measurements are compared to analytical predictions. 


I. INTRODUCTION 

There is need for strong, tough and sufficiently stable continuous fiber- 
reinforced ceramic matrix composites (CMC) which can survive in oxidizing environ- 
ments at temperatures approaching 1600 °C. Monofilament silicon carbide fiber in a 
reaction bonded silicon nitride matrix (SiC/RBSN) is a promising candidate CMC 
material for these harsh conditions that often arise in advanced aerospace applic- 
ations. It is also necessary to have micromechanical models which account for the 
observed failure behavior and allow tailoring of composites for optimal properties. 

Currently, we have an adequate understanding of the mechanical behavior of 
unidirectional fiber-reinforced CMCs that incorporate small diameter Nicalon * 1 fibers 
into glass or glass-ceramic matrices, particularly when they are loaded in the fiber 
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direction (Prewo and Brennan, 1980; Prewo and Brennan, 1982; Brennan and Prewo, 1982; 
and Prewo, 1986). We can also demonstrate the influence of fiber/matrix interfaces 
and a variety of fiber coatings on the behavior of these composite systems (Kerans 
et al., 1989). Micromechanical models that include the fiber/matrix interface 
effects correlate well with experimental results (Aveston et al., 1971; Budiansky 
et al., 1986; Marshall et al., 1985; and McCartney, 1987). However, understanding of 
failure mechanisms and the development and validation of analytical deformation and 
fracture models are not mature for SiC/RBSN. We especially lack sufficient knowledge 
of the initiation and propagation of matrix cracks and fiber breakage. This lack of 
understanding also hinders composite development which primarily depends on obtaining 
optimal interface properties and maintaining high fiber strength at elevated 
temperatures . 

The overall mechanical behavior is very complex and involves a large number of 
independent variables at the microstructural level. Fiber/matrix interfaces that are 
too weak may cause fiber/matrix interface debonding (splitting) . Fiber/matrix 
interfaces that are too strong may prevent the multiple matrix cracking phenomenon 
and induce catastrophic failure. Fiber strength also plays a critical role. If the 
fibers are sufficiently strong and uniform with optimized interfaces, cracks will 
propagate first only through the matrix and the fibers will likely fail later between 
the crack surfaces. The composite will fail as predicted by existing micromechanical 
theories. If the fibers are weak and nonuniform, they will tend to fail throughout 
the bridging zone and also away from the growing macro crack. In this latter case 
the fibers will break in a random, statistical manner and continue to bridge the 
cracks during pull-out. 

The objectives of this work were (1) to investigate and understand the mechan- 
ical behavior of SiC/RBSN composites throughout their loading history, (2) to study 
the effects of fiber/matrix interface debonding, (3) to identify the occurrence and 
nature of damage and failure mechanisms, and (4) to validate micromechanical models 
so that they can be further developed and optimized. 

Both experimental and theoretical studies were made. Test coupons of 1-, 3-, 

5- and 8-ply unidirectional SiC/RBSN composites were loaded to failure under tension. 
Characterization of damage and failure mechanisms was performed through in-situ 
monitoring using an acoustic emission (AE) technique. An x-radiographic technique 
was also used to monitor all tests at different load levels and to confirm the AE 
results. Interfacial shear strength was obtained from the matrix crack spacing 
method. Micromechanical models for predicting the critical matrix cracking strength 
were examined. A parametric study was performed to determine the effect of selected 
constituents. The ultimate strength and work of pull-out based on weakest link 
statistics were evaluated and compared with experimental strength data. The main 
contribution presented herein is a comprehensive study which predicts and measures 
the critical points in the primary composite tensile stress-strain curve of a 
unidirectional lamina . 
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II. 


EXPERIMENTAL PROCEDURES 


Materials 

SiC/RBSN composite tensile specimens were fabricated using SCS-6 SiC fiber 
monofilaments from Textron Specialty Materials 2 and high purity silicon powder. The 
fibers were produced by chemical vapor deposition from methyl-trichlorosilane onto a 
heated carbon substrate. The outer surface of the 142 fim diameter SiC fiber con- 
tained two layers of carbon-rich surface coatings which served several objectives. 
Firstly, it healed surface irregularities on the SiC substrate providing abrasion 
resistance and improved fiber strength. Secondly, it provided a weak interface for 
assuring crack deflection and noncatastrophic failure. A schematic diagram of the 
cross section of the SCS-6 SiC fiber is shown in figure 1(a). Each coating layer is 
a mixture of amorphous carbon and SiC. The elemental composition of the fiber sur- 
face coating is shown in figure 1(b). Scanning electron micrographs of a typical 
cross section and an enlarged view of the fiber/matrix interface are shown in fig- 
ure 2. High purity silicon powder obtained from Union Carbide was used for the 
silicon nitride matrix. The as-received powder contained large agglomerates and 
required attrition milling to reduce its particle size and to improve its reactivity 
to nitrogen during a later nitridation step. The average particle size of the 
attrition milled powder was 0.3 fim . A detailed description of the composite 
fabrication is reported elsewhere (Bhatt, 1987) . 

Test panels of unidirectional laminates containing various number of plies with 
different fiber volume ratios were fabricated. The length and width of the 
as-nitrided composite panels were 150 mm by 50 mm, respectively. The composite 
matrix contained approximately 30-percent porosity and displayed local density 
variations around the fibers. The dimensions of the test specimens taken from the 
panels were 12.74 mm wide by 125 mm long. The single ply specimens were 1.05 mm 

thick; the 3-ply, 1.64 mm thick; the 5-ply, 2.4 mm thick; and the 8-ply, 2.2 mm 

thick. The specimens are described in Table I. 

The average room temperature tensile strength of 20 individual as-received SiC 
fibers with a gauge length of 25 mm was 3.9 GPa while that of the fibers heated at 

1200 °C in N 2 for 40 hr was 2.86 GPa (Bhatt and Phillips, 1988). The elastic modulus 

of the fibers was 390 GPa (DiCarlo and Williams, 1980) while that of the RBSN matrix 
was estimated to be 110±10 GPa (Bhatt and Phillips, 1988). Matrix density and 
average matrix pore size were 2.3 gm/cc and 0.025 /im, respectively (Bhatt and Kiser, 
1990). The measured matrix fracture toughness was 2.0 MPam^ (Haggerty, 1989), or in 
terms of the critical matrix energy release rate, the value was 36 J/m . The coef- 
ficients of thermal expansion (CTE) up to 1450 °C were 4.2E-6 and 3.8E-6/°C for the 
fiber and matrix, respectively (Bhatt, 1989). 


Testing Procedure 

Tensile tests were conducted with an Instron 3 8562 loadframe with a 50-kN load 
cell at a crosshead speed of 0.025 mm/min. A clip-on extensometer was used in 
combination with two strain gauges. The latter were glued on the top and bottom 
parts of the specimen on opposite sides. The piezoelectric transducer for AE was 


2 Textron Specialty Materials, Lowell, MA. 

3 Instron Co., Canton, Massachusetts. 
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mounted on the upper half of the specimen with Dow Corning high-vacuum grease as the 
coupling agent. This transducer had a resonant frequency of 250 kHz. The bandpass 
of the preamplifiers and the AE system was 200 to 400 kHz. The AE and x-ray 
apparatus are shown schematically in figure 3. The definition of an acoustic event 
is given in figure 4 along with some commonly used terminology. All the specimens 
were scanned before and after testing by using a 60-kV microfocus x-radiographic 
system to detect any major flaws or any evidence of major failure events. Another 
film x-radiographic instrument with 160 kV was mounted on the Instron load frame for 
in-situ monitoring. The kilovoltage and duration used for each x-ray film were 
different for each specimen, depending on the respective thicknesses. The analog 
signals for load and strain from the loadframe were fed to the AE system. Stresses 
were calculated from the imposed loads, while the axial strains in the gauge section 
were measured by an extensometer . The strain gauges were only used to check bending 
effects during testing. This was due to the fact that the strain gauges were 
sensitive only to cracking in a small area around the gauges, and were unlikely to 
detect first matrix crack formation within the entire gauge length. Failing and 
failed specimens were also examined visually and photomicrographically . 


Ill . FAILURE CHARACTERISTICS 
Effect of Fiber Content 

SiC/RBSN composites with four different fiber volume ratios were tested. 

Results are shown in table I. The effect of fiber content on mechanical properties 
and failure behavior is evident from the listed data. The composite primary modulus, 
E c , obtained from initial linear portions of the stress-strain curves, increased with 
increasing fiber volume ratio, f (fig. 5). These data points were best-fitted with a 
straight line which then was extrapolated to all f values, using the rule of mix- 
tures, E = fE f + (1 - f)E m , where the fiber elastic modulus, E f , and the average 
matrix elastic modulus, E m , were estimated to be 381 and 133 GPa, respectively. This 
fiber modulus was about 2 percent less than the measured value of 390 GPa (DiCarlo 
and Williams, 1980) while the matrix modulus was 21 percent more than the average 
value of 110±10 GPa (Bhatt, 1988) . The difference in the matrix modulus is rather 
high but it could be due to the matrix densities being higher in the low fiber frac- 
tion (1- and 3-ply) specimens than in the high fiber fraction (5- and 8-ply) speci- 
mens. In addition, in-situ properties do not necessarily agree with individual 
constituent measurements. The calculated composite primary moduli based on the rule 
of mixtures were in reasonable agreement with the experimental primary moduli as 
shown in table I. 

The effect of fiber content on failure modes was also apparent. Catastrophic 
failure occurred in the one- and three-ply specimens where the fiber volume ratio was 
8 and 16 percent, respectively, for both strong and weak interfaces. In the five- 
and eight-ply specimens that had weak interfaces and fiber volume ratios of 19 and 
24 percent, respectively, failure was always noncatastrophic. With increasing fiber 
content, the proportional limit and the ultimate strengths were enhanced signifi- 
cantly. In contrast, the proportional limit strains were essentially unaffected by 
changes in fiber content. This observation is due to the change in the proportional 
limit stress being offset by the change in composite stiffness to keep the propor- 
tional limit strain unchanged. 
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Catastrophic Failure Mechanisms 


Specimens S1A, SIB, and M3A were tested under tension and failed catastrophi- 
cally. For S1A, x-radiographs taken at increasing loads up to 1330 N showed no 
evidence of any failure. Radiographs taken after ultimate failure (fig. 6) showed 
transverse matrix cracking, fiber fracture, and minimal fiber pull-out. Fiber 
fractures occurred throughout the gauge length, sometimes twice in the same fiber, 
due to the statistical behavior of fiber strength and the gauge length being greater 
than the effective fiber length. Fiber/matrix interface debonding (splitting) and 
transverse matrix cracking can be observed in the optical photomicrographs (fig. 7). 
It should be noted that these transverse matrix cracks were not through-the-thickness 
cracks. It is also evident from the listed loads in figure 6 that the fiber pull-out 
mechanism occurred only at the very end of the rupture process. As expected, when 
the fiber content is small, even though the interface is weak, fiber pull-out can not 
guarantee graceful failure. 

The linear stress-strain curve for these specimens and x-ray results taken 
alone gave no indication of any failure events before the proportional limit or, in 
this case, the ultimate strength. By contrast, AE results clearly indicated the 
occurrence of fiber breakage, transverse matrix cracking and fiber/matrix interface 
debonding throughout the loading history as shown in figure 8. These major failure 
mechanisms were identified via three AE parameters: event duration, peak amplitude, 

and energy (Chulya et al . , 1990). The energy parameter was used to separate 
microscopic events from macroscopic events. A transverse matrix crack was defined as 
an event with long duration (>400 /iS) and medium peak amplitude (51 to 70 dB) while a 
fiber fracture event was characterized as short duration (<400 fiS ) and high peak 
amplitude (>70 dB) . For an interfacial debonding event, high peak amplitude (>70 dB) 
and long event duration (>400 //S) were detected. 

For specimen SIB, which had a strong fiber/matrix interface, the failure mode 
was also catastrophic but with only one single tranverse through-the-thickness matrix 
crack. X-radiography showed no sign of fiber breakage scattered throughout the gauge 
length. Photomicrography showed no evidence of fiber/matrix interface debonding. 
Transverse matrix cracking and fiber fracture were the only major failure mechanisms 
observed. These results were confirmed by the AE analysis. As shown in figure 9 by 
means of a three-dimensional AE plot, a small single matrix crack occurred first 
followed by a series of fiber breaks near the crack location until the load reached 
2100 N. At this load the small matrix crack propagated all the way through the 
specimen and catastrophic fiber fractures followed. 

The 3-p.ly SiC/RBSN specimen (M3A) with weak interfaces and 16 percent fiber 
content also failed catastrophically in tension. Optical photomicrography showed 
multiple transverse matrix cracks (not through-the-thickness but initiating from both 
sides of the specimen) and multiple fiber/matrix interface debonding. X-radiographic 
results again showed fiber fracture scattered throughout the gauge length. The plot 
of AE event duration and amplitude versus the applied load shown in figure 10 shows 
that transverse matrix cracking and fiber fracture occurred early in the loading 
stage and continued throughout the loading history while fiber/matrix interface 
debonding occurred only after approximately two-thirds of the failure load. The 
stress-strain curve is linear and does not have the ability or resolution to reflect 
these failure events. Apparently, the 16-percent fiber content improved the ultimate 
strength, but still could not prevent catastrophic failure. 
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Noncatastrophic Failure Mechanisms 


The load-strain curve and AE results for a 5-ply specimen are shown in fig- 
ure 11. With higher fiber content and weak interfaces, all five-ply composites 
failed noncatastrophically . X-ray results again did not detect any failure events in 
the linear region of the load-strain curve. However, AE analysis showed that some 
matrix cracking, fiber breaking and fiber/matrix interface debonding occurred 
throughout the linear region (figs. 11 and 12). These phenomena were observed in all 
5-ply specimens. Since the fibers started to fail early, it appears that the fiber 
strength was not adequate, probably because of damage during fabrication. It was 
also noted from testing specimen SIB that strong interfaces tended to minimize random 
fiber fracture. These results suggest that, for a high critical matrix cracking 
stress, fiber strength must be adequate to carry the entire proportional limit load 
and the interfacial shear strength should be increased. 

At the proportional limit, fiber failure occurred extensively but not at any 
particular surface crack. Instead fiber failure was widely scattered throughout the 
gauge length. Due to this extensive fiber breakage, ultimate strength was very close 
to the proportional limit for specimen M5B (fig. 11). Photomicrographic examination 
of the failed specimens (fig. 13) showed no sign of steady state matrix damage, i.e., 
through-the-thickness transverse cracks. After exceeding the proportional limit, 
acoustic emission results indicated that matrix cracking and fiber/matrix debonding 
continued extensively. Beyond the ultimate load, some fiber pull-out took place. 
Radiography (fig. 13) also showed evidence of similar failure events in the nonlinear 
region. 

The room temperature tensile stress-strain curve for an 8-ply specimen with 
24-percent fiber content is shown in figure 14. The proportional limit stress and 
strain were measured as 195 MPa and 0.124 percent, respectively. After reaching the 
proportional limit, additional matrix cracks were formed at regular intervals along 
the gauge length upon further loading. This was evident from radiographs taken 
during the test (fig. 15 and Baaklini and Bhatt, 1991) . This transition region 
corresponds to stress levels between 200 and 270 MPa in figure 14. Beyond this 
region, due to extensive matrix cracking, the deformation of the composite is almost 
entirely controlled by the fibers. With continued loading beyond the composite 
ultimate strength, the stress-strain curve showed a drastic drop, resulting in a very 
short descending tail which indicated the absence of extensive fiber pull-out. 
Extensive fiber/matrix interface splitting was observed as shown in figure 16. This, 
consequently, diminished the pull-out phenomenon. The macroscopic cracks observed by 
radiography (fig. 15) and optical photomicrography (fig. 16) were now the previously 
reported through-the-thickness transverse cracks with expected matrix crack spacing. 
This spacing was used to determine the interfacial shear strength. It is also clear 
that by increasing the fiber content from 19 to 24 percent, the ultimate strength 
improved drastically as shown in table I. Such significant improvement is due to 
both higher fiber content and different processing conditions occurring during 
fabrication of the 5-ply and the 8-ply specimens. Results from testing these 
specimens clearly show that with adequate fiber content and optimized interfaces, 
ideal composite behavior is obtained, that is periodic matrix cracks, high ultimate 
strength and graceful failure will be observed. 
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IV . INTERFACE CHARACTERISTICS 


Fiber/Matrix Interface Debonding 

Failure mechanisms that were observed in the 1-, 3-, 5- and 8-ply tensile 
specimens confirm that the strength of the fiber/matrix interface, T, is very 
critical to composites behavior. For weak interfaces, the debonding (splitting) 
mechanism can be described as follows: During tensile loading, the matrix starts to 

crack and the crack propagates normal to the fiber direction. Once the crack front 
hits the fiber layer, rather than extending across the interface and around the 
fibers in the thickness or width directions, the weak interface allows the crack to 
propagate parallel to the fiber between the fiber and the matrix. This phenomenon 
occurs only when the fracture energy of the interface is lower than that of the 
matrix. The location of interface splitting or debonding was mostly between the two 
carbon-rich coating layers, and not between the matrix and fiber outer coating which 
usually had a strong chemical bond (Eldridge and Honecy, 1990). Hence, the mono- 
filament fibers contained an engineered interface which, when protected from pro- 
cessing damage, resulted in low values of T. The resulting interface debonding, 
especially for low fiber content laminates, not only prevented the occurrence of 
through-the-thickness matrix cracks, but also reduced the work of fiber pull-out (to 
be discussed in Section V) . This interface debonding also leads to load redistribu- 
tion from the cracked areas into the undamaged portion of the specimen, causing the 
fibers to support more load there, which then induces progressive fiber failure below 
expected levels. For specimen SIB which had strong interfacial shear strength, 
interface debonding was never detected and the proportional limit strength was much 
higher than for specimen S1A. Assuming fiber integrity, we conclude that the 
fracture energy of the matrix, G m , should be lower than that of the interface, G i? 
and G i should be lower than that of the fiber, G f . This will assure debonding 
within the desired interface and prevent the crack from kinking into the fiber to 
cause premature fiber breakage. Therefore, the condition, G m < G i < G,, must be 
satisfied for an optimized composite. The critical ratio of G^ to G* was also 
studied analytically by He and Hutchinson (1989). However, G i is very difficult to 
determine experimentally because of interface variation from processing conditions as 
well as the porous nature of the matrix. 


Interfacial Frictional Properties 

When interface splitting does not occur, the interfacial frictional stress has 
the potential to improve the overall strength and toughness of the composite. In 
order to develop and evaluate micromechanical models that precisely correlate com- 
posite behavior with interface frictional properties, interfacial shear strength must 
be accurately measured. Considerable work meeting this need has been reported 
(Eldridge and Honecy, 1990; Marshall, 1984; and Marshall and Oliver, 1987). For the 
SiC/RBSN composite with optimized interfaces, the work reported in Eldridge and 
Honecy (1990) used the push-out test to determine the interfacial shear strength at 
room temperature. The measured value of 8.1±0.5 MPa includes the radial residual 
stress effect which will be discussed below. Of course, T can vary significantly 
within a composite and the push-out technique will give only average values that are 
subject to processing conditions, matrix porosity, and effects of neighboring fibers. 
Another approach to measuring r is the periodic matrix crack spacing method 
(Aveston et al., 1971). For valid periodic matrix crack spacing measurements, 
multiple matrix cracks must occur and they must be through-the-thickness and across- 
the-width. This is defined as a steady-state condition. In reality, these cracks 
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are seldom evenly spaced. Therefore, an average value of the crack spacing had to be 
used. This value, x, measured in specimen M8A by x-ray film radiography (fig. 15), 
was 3.85 mm. In-situ film radiography proved to be a most effective way to measure 
the crack spacing, since the cracks will close after unloading due to the axial 
residual compression stress in the matrix. This spacing is a function of the 
interfacial shear strength, T, and from equilibrium considerations we have (Aveston 
et al . , 1971) 

r =/m(l - f)E m a cr /(2fE c x) (1) 

where /? is a constant equal to 1.337 (Kimber and Keer, 1987), <7 cr is the critical 
matrix cracking stress, and R is the fiber radius. Assuming that a is the 
proportional limit or microcrack yield stress, the calculated T based on the 
material constituents of specimen M8A was 5 MPa. Microstructurally , the interfacial 
shear strength of this composite is governed by the integrity of the carbon-rich 
fiber surface coating. For fabrication and heat treatment conditions where the 
carbon-rich coating remains intact, the composite will display a weak interfacial 
behavior. Based on our observations, the values of 5 and 8.1 MPa may be too low to 
yield high critical matrix cracking strength and optimized toughness. Interfacial 
shear strength is often controlled through heat treatment or with a new coating that 
has the requisite mechanical properties both at room and high temperatures. 


V. MICROMECHANICAL MODELS 

The above experiments showed that SiC/RBSN composites must have sufficient 
interfacial shear strength for load transfer to occur and to prevent interface 
splitting or debonding. The interface must be weak enough to allow slipping and 
substantial pull-out lengths of fibers for toughness. Fiber-reinforced ceramic 
matrix composites must also have high fiber content, 19 percent or more in this case, 
with high fiber strength and stiffness for enhancements in composite primary modulus, 
proportional limit strength, ultimate strength, and work of pull-out. Once a trans- 
verse matrix crack passes through the matrix, the fibers must provide bridging forces 
across the crack to prevent catastrophic failure. Micromechanical models presented 
below can predict the failure behavior of the above-described composite throughout 
its loading history. These models can also be used to obtain the optimum composite 
properties best suited to the desired applications. 

The micromechanical models presented herein are focused on four important 
design issues: (1) residual stress, (2) critical matrix cracking strength, (3) 

ultimate strength, and (4) work of pull-out. Single and multiple matrix cracks are 
considered for both strong and weak interface conditions. The Weibull distribution 
is linked to the composite ultimate strength and work of pull-out due to the 
statistically distributed strength properties of fibers observed in the experiments. 
Comparisons with experimental results are made and the discrepencies are explained. 


Residual Stresses 

The processing temperature of 1200 °C used for the SiC/RBSN composites in this 
study clearly caused strain mismatches between the fiber and matrix when the 
composite was cooled to room temperature. This effect should not be neglected. If 
the coefficients of thermal expansion (CTE) were appreciably different, extensive 
initial cracking would be observed (Moschler, 1988). The residual stresses arise 
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both in the radial direction, i.e., normal to the fiber, and axial direction, i.e., 
parallel to the fiber. The radial interface pressure, q, has a significant effect on 
the interfacial shear strength which in turn controls the overall failure behavior of 
the composite. The axial matrix residual stress, a , will enhance the critical 
matrix cracking strength if it is in compression. Based on an analysis using the 
shear lag model, and given isotropic properties for both the fibers and matrix, the 
following expressions were used to obtain q and <J m from the thermal strain mis- 


match c T (Budiansky et al., 1986): 

q.(VW[l-f)/(l-0]*T ( 2 ) 

< ■ (Ef/EJ [f/fl - l/„)]e T < 3 > 

where 

e T = (<*f - )AT (4) 

and if we assume that the Poisson’s ratio v - V* = v . 

i m f 

h = 1 - 0.5[(1 - 2v) / (1 - v)] (1 - E c /E f ) (5) 

<P 2 =0.5(1 + E c /E f ) (6) 


The subscripts f and m refer to the fiber and matrix, respectively, and AT is 
the temperature change during cooling. The quantity e T is negative when CTE of the 
fiber is greater than that of the matrix. 

When q is compressive and the Coulomb friction law, r R = //q applies, r R 
increases the interfacial shear strength. For the SiC/RBSN composite, the fiber has 
a slightly higher coefficient of thermal expansion than the matrix (Bhatt, 1989) . 
Consequently, the interfacial pressure, q, is tensile which weakens the bond between 
the fiber and the matrix or that between the carbon layers. To account for this 
weakening, the Coulomb friction law is used and now acts to reduce the fric- 

tional shear strength. It is also evident that initial axial compressive stresses 
exist before any mechanical loading is applied and these stresses are a source of 
extra strength for the matrix. The residual stresses are included in all calcula- 
tions herein of the critical matrix cracking stress and the ultimate strength. 


Steady-State Matrix Cracking Stress 

Two distinctive failure modes for steady-state condition that were observed in 
the experiments are considered: (1) single matrix fracture for a strong interface 

(perfectly bonded case) , and (2) multiple matrix fracture for a weak interface 
(slipping fibers case) . For single matrix fracture to occur, the SiC/RBSN composite 
was fabricated at a temperature of 1350 °C, instead of 1200 °C, in N 2 + 4% H g for 
72 hr. These processing conditions degrade the usual double carbon-rich coating of 
the fiber and destroy the weak interface between them. A model that predicts the 
steady-state matrix cracking stress for single matrix fracture, was first proposed by 
Aveston and Kelly (1973) and later refined by Budiansky et al . (1986) using fracture 
mechanics theory, giving the following relations 
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* 


( 7 ) 


where 


6E 3 f 2 E f 

C 1 

i 

G m 

(l -f) a (l .i/J 


E m R 


2(1 - f) 3 

-etn(f) - 3(1 - f) (3 - f) 


( 8 ) 


Since the radial residual stress has no effect for the perfectly bonded case, the 
critical matrix cracking strength becomes 

( 9 ) 



The effects on <J cr of G m , f, R and the difference in a f and a m are presented 
in figure 17. For a selected fiber content of 28 percent and Poisson’s ratio of 
0.22, the critical matrix cracking stress varies little with G m . If the difference 
in CTE increased for a f > a , the critical matrix cracking stress would rise 
significantly. In figure 17(d), it is clear that a <?r is maximum for small fiber 
diameters. As anticipated, the model predicts that increasing the fiber content 
would also enhance a cr . Since it was impossible to accurately measure the critical 
matrix cracking stress experimentally, the ultimate strength of specimen SIB was used 
to compare the prediction of the model at 8-percent fiber content. The measured 
experimental value was slightly higher than the expected strength from theory 

(fig. 17(b)). Note that in equation (7) is independent of the interfacial 

shear strength. 

The desired failure mode for SiC/RBSN composites is multiple matrix fracture 
which exploits the high fiber properties and provides graceful failure for the 
laminate. Micromechanical models to predict the matrix cracking stress for weak 
interface conditions have been proposed by a number of researchers using different 
methodologies. An early model, originally proposed by Aveston et al. (1971) is based 
on the energy-balance approach, and is derived herein using fracture mechanics theory 
and the assumption of intact bridging fibers (Marshall and Cox, 1988) . Based on the 
J-integral method, the relation for steady-state matrix cracking is 

J c / 2 = a a u a - C P(u)du ( 10 ) 

where 2u^ is the critical crack opening corresponding to the applied stress, <7 a . 

If there is no ligament failure accompanying crack propagation, then the fracture 
criterion for matrix cracking is 

j c = a - i)G m (ii) 

The crack closing pressure, p(u), arising from the bridging fibers can be calculated 
from (McCartney, 1987) 
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( 12 ) 


P(u) 


4rf a E f E 2 

1 C 

R(1 - f) a E a 


U * 


By substituting equations (11) and (12) into (10) and setting <7 a = p(u a ), the 
steady-state matrix cracking stress for multiple matrix fracture becomes 


<7 M 

ss 


6rG m f a E f E 2 


1/3 


R (1 - f)E l 


(13) 


Therefore, the expression for predicting the critical matrix cracking strength with 
residual stress effects is 




(14) 


where o is a function of an effective interfacial shear strength, that is 

ss 

T e = T + T R- 

Parametric calculations using equation (14) were made for the SiC/RBSN com- 
posite ith 28-percent fiber content, interfacial frictional strength, T, of 10 MPa, 
and \i equal to 0.1. The results are plotted in figure 18 showing the effects of 
residual stresses and interfacial shear strength. With the strain mismatch producing 
an initial matrix compressive stress, the composite critical matrix cracking strength 
is obviously improved. Clearly, the residual stresses can not be neglected even 
though they may decrease significantly as the operating temperature increases. 
Equation (13) is valid only up to a certain value of r that assures multiple trans- 
verse matrix cracking, and the maximum T used herein for this failure mode was 
45 MPa. This value is based on the maximum value of T that can be successfully 
measured from the push-out test in our laboratory. In figure 19(a), the critical 
matrix cracking strength is plotted as a function of fiber radius using equations 
(2), (3), (13) and (14). As mentioned before, small radius fibers will enhance the 
microcrack yield strength of unidirectional CMC’s. However, improving matrix frac- 
ture toughness will not have a significant effect on the matrix cracking strength 
(fig. 19(b)). Figure 19(c) shows an almost linear relation between <7 cr and the 
fiber content. Figure 19(d) shows that higher strain mismatch improves the critical 
matrix cracking strength, at least when loaded in the fiber direction. The tradeoff 
is that as the strain mismatch increases, the radial residual stress would cause 
higher tension in the interface. This would weaken the interfacial shear strength, 

decrease , and induce interface debonding. 


Ultimate Strength 

The ultimate strength, which is reached after multiple matrix cracking, was 
calculated from the strength of initially strong fibers, that were degraded during 
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composite fabrication. This was evident when in-situ fibers broke sequentially at 
unexpectedly low loads rather than simultaneously at higher loads before reaching the 
ultimate point. This was observed experimentally and has been previously discussed 
herein. X-radiographic results precisely showed the locations of fiber fracture and 
the statistical nature of fiber failure in weak interface composites. Therefore, the 
micromechanical model used to predict the ultimate strength of composites must be 
based on a statistical distribution. Using weakest link statistics, a recent model 
(Evans, 1989) is applied which in terms of the fiber Weibull modulus, m, is 


with 


<J U = fS u exp 



1 - 

1 - Tx | 
RS U 

^ / 

iL+1 


(m + 1) 

i -fi - ™ 

( RS U 

N m 

/ „ 


RS U 

n_+l 

0 

< 



X' 

m 

l - 

/ 

l - 

rx 

m 

rx J 


2ttRL j 

( rx J 



< 

RS U J 



(15) 


(16) 


(2ttRH) 


1/m 


i + i 

m 


(17) 


where L is the gauge length of the composite test specimen, A Q is an area normal- 
izing factor, S Q is the scale parameter, S is the average fiber strength, H is the 
fiber gauge length, T is the gamma function, S u is determined from equation (16), 
and x is the matrix crack spacing obtained from equation (1) as 


X = 1 . 337R(1 - f)E m o" g /(2fE c r) 


(18) 


Using the SiC/RBSN composite properties, an average fiber strength of 2.86 GPa, 
and selected values of A Q , H and L as 1 m , 0.025 and 0.1016 m respectively, the 
ultimate strength as a function of Weibull modulus was calculated and the results are 
shown in figure 20. Clearly, the ultimate strength varies rapidly when m < 20, that 
is when the variation in fiber strength is high. The experimental value of the 
Weibull parameter, m, for the SCS-6 SiC fiber was evaluated from uniaxial fiber 
tension tests performed on finite length specimens of 25 mm and was estimated to be 
8.2 (Bhatt and Phillips, 1988). However, the Weibull modulus of in-situ fibers could 
be considerably different from those measured independently, since the fiber flaws 
are expected to change during composite processing. Equation (15) also shows that r 
has very small effect on composite ultimate strength. An approximate check of the 
composite ultimate strength is often made from using the rule of mixtures, but in 
case of brittle fibers, the value of in-situ fiber strength to use in the prediction 
can only be an estimate. 
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Work of Pull-out 


Pull-out usually occurs in composites after complete matrix failure with the 
bridging fibers also containing many random breaks away from the transverse matrix 
cracks. When interfacial shear strength is low, pull-out lengths are long and the 
work of pull-out is maximized, providing the composite load carrying capability 
beyond the ultimate strength. As observed through x-ray results, fibers exhibit 
variable pull-out lengths after complete failure and the lengths are governed by the 
Weibull strength distribution parameters. Hence, the work of pull-out must also be 
expressed in terms of the fiber Weibull modulus and scale parameter. 

The work of pull-out had not been given much attention in the past even though 
Kelly (1970) had demonstrated its significance. Recently, Thouless and Evans (1988) 
and Sutcu (1989) have investigated the pull-out contribution to the toughness of 
ceramic matrix composites. In this paper, we will examine a model proposed by Sutcu. 
For fiber failure caused by a single matrix crack, the peak fiber stress is 
assumed to occur in the plane of the matrix crack and then drop to zero over a 
sampling length, L. The slope is governed by the interfacial shear stress and the 
fiber radius resulting in an expression for a(z) given by (fig. 21) 

a(z) = 2 t(L - z)/R ( 19 ) 

Based on the Weibull probability density function and the assumption of equa- 
tion (19) , it is possible to derive the average pull-out length for a single 

matrix crack (Sutcu, 1989) 


L s 


m - 1 
_ CL ^ m + 1 


o 

r 


m 


m + 1 


where 

a = 1 . 1 m/(m + l) 2 (2 < m < 60) 


( 20 ) 


( 21 ) 


and S Q is obtained from equation (17) . The energy release per fiber from pull-out 
can be obtained by integrating the force caused by r over the slipping distance z 
The resulting expression for the work of pull-out per unit area of the composite for 
a single crack is 


2m 


- 3 g m + 1 

fR m+1 _f 

P 4 m - 1 


r m + 1 



( 22 ) 


where 


/?(m) = 2 - 14( ^ m ~ 1 ^ [l - exp (-0.387m)] 
m 2 (m + 2) 


(23) 
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For fiber failure with multiple matrix cracking, the stress in the fibers is 
assumed to be of a sawtooth form as shown in figure 22 with the peak stress, <7 max , 
given by 


a max = 2rL / R ( 24 ) 

However, for simplicity a uniform stress profile was used by Sutcu (1989) to derive 
the following results. The average pull-out length for multiple matrix cracking, 

t M i 

L p , is given by 

m - 1 
d m + 1 

p ” ~2 

where 

a' m (m + 1)" 71 ( 26 ) 

~a 2 


m + 1 


(25) 


Finally, the work of pull-out for multiple matrix cracking is similar to the case of 
single matrix cracking and is defined by 


W M 

p 



m + 2 


(m +!) 


m - 1 
m + 1 


(27) 


Note that the assumption of a uniform, rather than periodic, stress distribu- 
tion leads to a larger pull-out length and subsequent work of pull-out. Hence these 
results must be regarded as upper bounds. 

The work of pull-out for both single and multiple matrix cracking increases 
with average fiber strength and fiber radius, but decreases with increasing values of 
r. Similar trends can be observed in the average fiber pull-out lengths. The work 
of pull-out for single matrix cracking is plotted in figure 23 as a function of the 
Weibull modulus. It shows that the fibers should have a low Weibull modulus to 
enhance fiber pull-out beyond the ultimate strength. Furthermore, the work of pull- 
out approaches zero when the variation of fiber strength decreases which is what was 
observed experimentally in composites with brittle failure modes. Figure 24 shows 
that the work of pull-out for multiple matrix cracking initially increases and then 
decreases gradually with increasing m; it asymptotically approaches a particular 
value which can be explained as follows. The stresses in the fibers are highest in 
the matrix cracking planes. Therefore, for deterministic fiber strength, the fibers 
will fail at different matrix crack surfaces, not necessarily at the same crack. In 
this case the broken fibers can still bridge the cracks and eventually produce the 
work of pull-out. 


14 


Numerical Example 


An example is given below for comparison of predicted and measured stress- 
strain curves for specimen M8A. It should be noted that the micromechanical models 
herein assume that no fiber breakage and matrix cracking occur before reaching the 
critical matrix cracking strength, while actual test specimens showed some fiber 
fracture and matrix cracking before the proportional limit strength was reached. The 
nominal values of parameters used in the prediction are: 

m = 8.2 

E m = 110 GPa 

E f = 390 GPa 

v m = 0.22 

m 

K = 2 MPam* 

m 

G m = 36 J/m 2 

R = 71 /im 
f = 0.24 

a f = 4.2E-6 /°C 

a = 3.8E-6 I 0 C 

AT = -1175°C 

A 0 = 1 m 2 
S = 2860 MPa 

L = 0.04 m 

The interfacial shear strength used was 5 MPa based on the matrix crack spacing 
method. This value includes the effect of the radial residual stress. Hence, the 
critical matrix cracking strength was calculated from equations (3) , (13) and (14) . 
The ultimate strength and work of pull-out were determined from equations (15) and 
(27), respectively. Results are plotted in figure 25 together with the experimental 
stress-strain curve. For the critical matrix cracking strength, the value of 155 MPa 
is calculated and compared with the measured value of 195 MPa which is taken as the 
proportional limit stress. Ignoring early damage, the prediction is conservative and 
it also requires precise knowledge of the in-situ material constituent properties, 
especially T. However, caution should be exercised when one defines the critical 
matrix cracking strength from macroscopic experiments since some irreversible damage 
occurs earlier which is not evident from the linear portion of the stress-strain 
curves. The predicted ultimate strength is 492 MPa, which is 15-percent lower than 
the experimental estimate (table I) . For the work of pull-out, the experimental 
result shows a very small value of 42 kJ/m 2 which is significantly less than the 
predicted result of 2158 kJ/m 2 . The source of this discrepancy is mainly due to 
interfacial debonding (splitting) that occurred extensively in the 8-ply sample and, 
consequently, the modeled pull-out phenomenon was never realized in the test. 
Furthermore, as previously noted, the predicted value is an upper bound solution. 
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VI. CONCLUDING REMARKS 


Failure mechanisms in unidirectional fiber-reinforced SiC/RBSN ceramic matrix 
composites under tension have been investigated. It is possible to detect damage 
accumulation and various failure processes while loading the specimens via in-situ 
acoustic emission monitoring and x-radiography . Tests of samples with various fiber 
fractions show that the transition from catastrophic to noncatastrophic failure 
occurs at approximately 16- to 19-percent fiber content. Based only on stress-strain 
curves and x-ray results, there was no indication of any failure event before 
catastrophic failure when low fiber content specimens were tested. However, acoustic 
emission results indicate that some fiber breakage, transverse matrix cracking and 
some fiber/matrix interface debonding had occurred long before catastrophic fracture. 
Similar phenomena took place in the noncatastrophically failed samples during the 
linear portion of their stress-strain curves. The macroscopic effect of this early 
(microscopic) damage on overall composite design philosophy and behavior requires 
additional studies and investigation. The interfacial shear strengths of the 
selected SiC/RBSN composites measured by the push-out test and the matrix crack 
spacing method were low. For this case, extensive interface debonding or splitting 
occurs and causes a reduction in the work of pull-out. This debonding or axial 
splitting is very undesirable. To obtain composites with high strength and 
toughness, the interfacial shear strength should be high enough to prevent interface 
debonding but low enough to allow steady-state cracking and substantial fiber pull- 
out lengths for graceful failure. Micromechanical models incorporating residual 
stresses to predict the critical matrix cracking strength, ultimate strength and work 

of pull-out were used and the predictions were compared to measured values. The 

fiber Weibull modulus is an important parameter for both the ultimate strength and 
the work of pull-out. When variation in fiber strength is low, the ultimate strength 

is high. Conversely, when the variation is high, the work of pull-out is also high. 

By comparing predictions from these models with experiments, we can conclude that 
they are valid only if steady-state conditions occur and fiber breakage is minimized, 
at least for loads below the critical matrix cracking condition. For these reasons, 
only 2 specimens were used to validate these models since the other specimens did not 
show the required steady state response. Accurate knowledge of in-situ material 
constituent properties is also equally important. Based on parametric studies and 
experimental observations, the optimum SiC/RBSN composite should meet the following 
requirements: fiber content as high as permitted by processing considerations (above 

30 percent) , fiber radius for optimum critical matrix cracking strength (below 
35 n m) , slightly higher fiber CTE than that of the matrix, an optimum fiber Weibull 
modulus for ultimate strength and work of pull-out (between 8 and 20) , and the 
optimum ratio of interfacial shear strength divided by the fiber radius for high 
multiple matrix cracking strength and adequate pull-out toughness depending on design 
considerations and applications. 
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TABLE I. - ROOM TEMPERATURE MECHANICAL PROPERTY DATA FOR UNIDIRECTIONAL SiC/RBSN 


COMPOSITES 


Specimen 

identi- 

fication 

Number 

of 

plies 

Interface 

charac- 

teristic 

Fiber 

ratio, 

percent 

Primary modulus 

Proportional 

limit 

Ultimate 

strength, 

MPa 

Experi- 

ment, 

GPa 

ROM, a 
GPa 

Stress, 

MPa 

Strain, 

percent 

S1A 

1 

Weak 

8 

149 

132 

104 

0.070 

104 

SIB 

1 

Strong 

8 

157 

132 

166 

.106 

166 

M3A 

3 

Weak 

16 

178 

155 

178 

.100 

178 

M5A 

5 

Weak 

19 

171 

163 

186 

.108 

222 

M5B 

5 

Weak 

19 

197 

163 

226 

.115 

228 

M5C 

5 

Weak 

19 

171 

163 

179 

.105 

227 

M8A 

8 

Weak 

24 

175 

177 

195 

.124 

576 


a Rule of mixtures. 


p-SiC sheath 
(142 um diam) 


Transition in 
grain structure 
(-80 pm diam) 



Graphite-coated 
carbon core 
(-37 pm diam) 


Carbon-rich 

coating 


(a) Schematic of cross section of fiber. 


Coating composition 0 _ ^ „ , . . , 

SCS-6 (double coated) 



(b) Composition profile of carbon-rich coating on fiber surface 
(Textron SCS-6). 



(a) A typical cross-section of a unidirectionally re- 
inforced SiC/RBSN composite. 



(b) Photomicrograph showing the interfacial region 
in SiC/RBSN composites. 


Figure 1. — Details of CVD SiC fiber. 


Figure 2. — Typical cross-section and the interface 
region of SiC/RBSN composites. 
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(a) Acoustic emission and x-radiography setups 
on the loadframe. 



(b) Acoustic emission showing real time dependence. 

Figure 3 —Tensile specimen with acoustic emission 
and x-radiography. 


Energy 






Before failure At failure 

(1330 N) (1425 N) 

Conventional radiographs 


After 

failure 

Microfocus radiograph 


Figure 5. — Primary modulus of SiC/RBSN composite 
from experiment and the rule of mixtures. 


Figure 6. — X-radiographic results for specimen Si A. 
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Front 



Back 



Long event durations represent 
transverse matrix cracking 
and fiber/matrix interface 



Strain, % 


Figure 8— Three-dimensional plot of event 
durations, load and strain for specimen SI A. 


Side 

Figure 7. — Optical photomicrographs of matrix 
cracking and debonding for specimen SI A. 
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Strain, % 


Figure 9. — Three-dimensional plot of event durations, 
load and strain for specimen SI B. 
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Amplitude, dB 

Figure 10. — Three-dimensional plot of event durations, 
amplitude, and load for specimen M3A. 
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Figure 1 1 -Load-strain curve with AE hit parameter for specimen M5B. 
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Figure 12— AE parameter plot in the linear strain regime for specimen M5B. 


40 


60 



Conventional Optical 

radiograph photomicrograph 

after failure 

Figure 13. — X-ray film and optical photomicrograph at failure 
for specimen M5C. 
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6x10 2 



Figure 14. — Stress-strain curve for specimen M8A. 



Figure 15. — X-ray film for specimen M8A 
showing transverse matrix crack spacing. 




(b) Side. 

Figure 16. — Optical photomicrographs of specimen M8A. 
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Figure 17. — Parametric studies of critical matrix cracking stress for the perfectly 
bonded case. 



Figure 18.— Variation of critical matrix cracking 
stress with interfacial shear strength for multiple 
matrix cracking (slipping fibers) case. 
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Figure 19— Parametric studies of critical 
matrix cracking (slipping fibers) case. 



matrix cracking stress for multiple 


9x10 2 



Figure 20. — Variation of ultimate_strength with fiber 
Weibull modulus. A 0 = 1 m2; S = 2.86 GPa; 

L = .1016 m; f = 0.28; t = 10 MPa. 




Figure 22. — Fiber stress distribution in a multiple matrix crack 
composite. 



Figure 23. — Variation of work of pull-out with fiber 
Weibull modulus for single matrix cracking. 
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Figure 24. — Variation of work of pull-out with fiber 
Weibull modulus for multiple matrix cracking 
(slipping fibers) case. 
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Figure 25.— Stress-strain curves for specimen M8A. 
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